Abstract-This paper investigates the feasibility of fabricating a five-ring, focused annular array transducer operating at 40 MHz. The active piezoelectric material of the transducer was a 9-m thick polyvinylidene fluoride (PVDF) film. One side of the PVDF was metallized with gold and forms the ground plane of the transducer. The array pattern of the transducer and electrical traces to each annulus were formed on a copper-clad polyimide film. The PVDF and polyimide were bonded with a thin layer of epoxy, pressed into a spherically curved shape, then back filled with epoxy. A five-ring transducer with equal area elements and 100-m kerfs between annuli was fabricated and tested. The transducer had a total aperture of 6 mm and a geometric focus of 12 mm. The pulse/echo response from a quartz plate located at the geometric focus, two-way insertion loss (IL), complex impedance, electrical crosstalk, and lateral beamwidth all were measured for each annulus. The complex impedance data from each element were used to perform electrical matching, and the measurements were repeated. After impedance matching, fc 36 MHz and ;6-dB bandwidths ranged from 31 to 39%. The ILs for the matched annuli ranged from ;28 to ;38 dB.
I. Introduction
T he field of high-frequency ultrasound (HFU) imaging, using frequencies above 20 MHz, is growing rapidly as transducer technologies improve and the cost of high bandwidth electronic instrumentation decreases. There are two main advantages of HFU transducers. First, they have a large bandwidth that provides fine scale axial resolution. Second, they have a small lateral beamwidth that permits imaging with resolution on the order of a wavelength (λ = 37 µm at 40 MHz). However, single-element, focused transducers, currently used for most HFU applications, also have a small depth of field, limiting the best image resolution to a small axial range close to the geometric focus of the transducer.
The earliest work with HFU transducers used singleelement, focused transducers fabricated with polyvinylidene fluoride (PVDF) membranes as their active acoustic layer [1] , [2] . These transducers were relatively easy to fabricate but suffered from a fairly high, two-way inser- tion loss (IL) (≈ 40 dB) because of the material properties of PVDF. This resulted in a focus on methods to improve the IL by optimizing the drive electronics and electrical matching [3] - [7] . At the same time, methods of fabricating single-element, HFU transducers using ceramic material also were being refined, and numerous devices were fabricated successfully to operate in the HFU regime [8] - [10] . These devices have an inherent advantage over PVDF-based transducers because of their much lower IL. However, single-element, PVDF transducers continue to be the primary transducer choice for HFU applications. Both PVDF and ceramic transducers have been used to great success for ophthalmic [11] , [12] , dermatological [13] - [15] , and small animal imaging [16] - [18] .
The current emphasis on HFU transducers is targeted more toward array technology. An array permits electronic focusing that both improves the depth of field of the device and permits a two-dimensional (2-D) image to be constructed without mechanically scanning the transducer. Technologies such as capacitive micromachined ultrasound transducers (CMUT) [19] , microelectricalmechanical systems (MEMS) [20] , as well as more traditional ceramic materials are being pursued [21] , [22] . These methods all aim to fabricate individual array elements on the order of λ/2; these small dimensions necessitate advances in interconnects and electronics to fully implement the technologies.
In the interim, a more practical approach is to develop annular arrays with element sizes similar to current singleelement transducers. The advantage of an annular array is that it permits an increased depth of field along a line focus with a relatively limited number of elements. The primary drawback is that it must be mechanically scanned to generate a 2-D image. Both passively focused and unfocused annular arrays are being pursued now. Ceramic materials are typically used for flat arrays because they are difficult to form into curved shapes [23] - [25] . A PVDF membrane is more advantageous in this respect because it can be press fit easily into a curved shape and it provides a better acoustic impedance match to water and biological tissue. Alves et al. [26] were able to fabricate a PVDF annular array but did not generate images or fully implement the array's functionality.
Here, we demonstrate the feasibility of a new method to construct PVDF-based annular arrays. The active acoustic element of the transducer is a 9-µm PVDF film with one side coated in gold acting as the ground plane. The positive array pattern of the transducer is formed on a copper-clad polyimide film (flex circuit). The flex circuit and PVDF are bonded together, press fit into a spherical shape, then backfilled with epoxy. Transducer performance was characterized by measuring the pulse/echo response, two-way IL, electrical crosstalk, complex electrical impedance, and lateral −6-dB pulse/echo beamwidth of each array element.
II. Materials and Methods

A. Fabrication
Polyimide Array Patterns:
The circuit patterns were designed as positive images with a computer aided design (CAD) software package (QuickCAD, Autodesk Inc., San Rafael, CA). The transducer we discuss here had a total aperture of 6 mm with five equal area rings separated by 100 µm kerf spacings (Fig. 1) . The electrical traces that permit access to each annulus and the spacing between the traces were also 100 µm. From the CAD file, a transparent film with the positive array image was generated by an offset print shop (Elite Graphics Co., Inc., New York, NY). This method of creating the positive image permitted us to achieve line widths and spacings of smaller than 100 µm.
The array pattern was formed on single-sided, copperclad, polyimide film (RFlex 1000L810, Rogers Corp., Chandler, AZ), a material commonly used to fabricate flex circuits. The polyimide film was 25-µm thick, the copper was 18-µm thick, and an adhesive layer bonding the copper to the polyimide was 20-µm thick. Before creating the array pattern, the polyimide was coated with a uniform thickness of positive photoresist (Injectorall, Bohemia, NY).
The fabrication of the copper array pattern used standard copper etching techniques. The positive array image was placed on top of the photoresist-coated polyimide and exposed to ultraviolet (UV) light for 2-3 minutes in a UV fluorescent exposure unit (AmerGraph, Sparta, NJ). The polyimide then was transferred to a liquid developer, which removed the photoresist that had been exposed to UV light. The developed film then was agitated gently in a ferric chloride bath until all the copper in the areas lacking photoresist had been etched away. The finished array pattern was viewed with a microscope to ensure that the line widths and spacings were uniform and of the correct size. After gently removing the remaining photoresist with steel wool, the pattern was tested for electrical continuity between the rings and copper contact pads. Test patterns were used first to ensure that we could achieve 100-µm spacing for both ring separations and line widths.
Press-Fit Assembly:
The final assembly of the transducer used a press-fit technique similar to that used for single-element PVDF [1] , [26] and ceramic transducers [8] , [10] . Fig. 2 is a schematic of the custom jig and material layers of the final assembly. The jig was constructed of aluminum and consisted of a base plate, a pressure plate to apply uniform pressure to the films as they were pressed, and a top plate to press in the ball bearing. The base plate had a central hole in which a Teflon tube was inserted. The Teflon tube ensured that the PVDF and polyimide films would not tear from the pinching at the transducer's edge during the press fit.
Assembly began by inserting the Teflon tube into the baseplate then centering the array pattern over the Teflon tube with the copper side up. The inner diameter of the tube was larger than the active aperture of the array. A single drop of epoxy (Hysol RE2039, HD3561, Loctite Corp., Olean, NY) was placed onto the array pattern and a 4 cm by 4 cm section of PVDF membrane (Ktech Corp., Albuquerque, NM) was placed over the epoxy. The PVDF was 9-µm thick and had one side metallized with gold. The metallized side formed the ground plane of the transducer and faced upward. A Teflon ring was placed over the two films then lightly clamped with the pressure plate. The pressure plate permitted the film layers to move slightly while also stretching during the press fit, thus minimizing crinkling of the films at the edge of the transducer.
A stainless steel ball bearing with an outer diameter (OD) of 24 mm then was pressed into the films with the top plate, and the plate was tightly secured. Next, the jig was turned over and the Teflon tube was filled with epoxy. The whole jig assembly then was placed into a vacuum chamber at ≈ 8 Torr. The degassing lasted as long as necessary to ensure that no bubbles were present on the backside of the polyimide (≈ 40 min).
After degassing, the jig was moved into a 40
• C oven to reduce the epoxy cure time. When the epoxy had cured, the transducer was removed from the jig and separated from the Teflon tube. This left an epoxy plug with the smaller diameter curved array bonded to it. Excess material was trimmed away to leave just the electrical traces and their contact pads (Fig. 3 ). To form a continuous ground plane, silver epoxy (EE129-4 Epoxy Technology, Billerica, MA) was used to join the conductive side of the PVDF to additional ground traces on the polyimide film.
In order to electrically access the array elements, a customized printed circuit board (PCB) was fabricated (Fig. 4) . The PCB had a 20-pin zero insertion force (ZIF) connector on one side (Hirose Electric, Simi Valley, CA) and miniature MMCX connectors on the other side (Amphenol, Wallingford, CT). The coaxial cables (RG-174 50 Ω) of 0.87 m length were connected to the MMCX connectors. An additional advantage of the PCB board was that surface-mount inductors could be soldered directly onto the board to perform impedance matching. A mounting bracket made from an aluminum rod held the transducer and PCB board. The polyimide film then could be wrapped around and inserted into the ZIF connector (Fig. 4) . 
B. Testing 1. Pulse/Echo:
The transducers were first characterized by examining their pulse/echo response using a quartz-plate target positioned 12 mm from the transducer. The transducer was placed in a small container of degassed water with a 2.5-cm thick quartz plate at its bottom. The transducer then was excited with a pulser/receiver (Panametrics 5900, Waltham, MA) while the return signal was digitized with a 1 GS/s, 8-bit digitizer (Acqiris DP110, Monroe, NY). The separation distance and tilt angle between the transducer and the quartz plate were adjusted to maximize the amplitude of the return echo.
Two-Way Insertion Loss:
Two-way IL measures the efficiency of a transducer by comparing the pulse/echo voltage response of a transducer to the voltage available at a 50 Ω load for the same excitation waveform. Insertion loss was measured using a directional coupler (Minicircuits ZDC-10-1, Brooklyn, NY) [1] with the transducer connected to the coupler's in port, the excitation waveform attached to the coupler's out port, and the coupled port terminated into a digitizer (Acqiris DP110) with 50 Ω impedance.
To measure the pulse/echo voltage response, the transducer was excited with a quasicontinuous wave tone burst. The tone burst was 1 µs in duration and originated from a function generator (Agilent 33250a, Palo Alto, CA), the output of which was gated via a radio frequency (RF) switch (Minicircuits ZASWA-2-50DR). The transducer was submerged in degassed water with a thick quartz plate placed in its geometric focal plane, and the echo signal from the front surface of the quartz reflector was windowed at a delay appropriate to the round-trip, water-path distance. An automated LabVIEW program (National Instruments, Austin, TX) then was used to sweep through a frequency range in 1 MHz steps. At each frequency step, the peak-to-peak voltage V pp of the return echo waveform was measured after the output of the coupler's coupled port passed through a limiter (Anritsu 1N50B, Richardson, TX) and was amplified by 32.5 dB (Miteq AU-1114, Hauppauge, NY). The voltage measurements were converted to decibels, then corrected for the losses due to the quartz plate transmission coefficient (1.7 dB) and acoustic attenuation in water (2 × 10 −4 dB/mm-MHz 2 ) [8] . The transmit waveform, representing the voltage available to a 50 Ω load, was measured after creating an open circuit at the transducer by detaching the polyimide film from the ZIF connector on the PCB board. The open circuit at the ZIF connector causes full voltage reflection, with a zero time delay. The V pp values were again measured in 1-MHz steps at the coupler's coupled port, but without any additional amplification. Because all cabling was identical for both the pulse/echo and transmit measurements, the final frequency-dependent IL is calculated by subtracting the transmit results from the pulse/echo results.
Complex Impedance:
After fabrication and the initial pulse/echo measurement, the complex impedance of each annulus was measured with a combination NetworkSpectrum-Impedance Analyzer (HP4396A and HP43961A, Hewlett Packard, Palo Alto, CA). After compensating for the 0.87-m cable connecting the transducer to the analyzer, the capacitive reactive component of the impedance at 40 MHz was used to determine the appropriate series inductance needed to bring the reactance to zero. An appropriate surface mount inductor was selected and soldered directly onto the PCB board (Fig. 4) . The complex impedance was measured again to ensure that the reactance at the center frequency was in fact zero.
Electrical Crosstalk:
Electrical crosstalk between rings was measured by transmitting a 1 V pp continuous wave signal on a single annulus then measuring the voltages seen by the remaining annuli. The transmit voltage was measured with a high-impedance 10X probe while the remaining annuli voltages were measured into 50 Ω terminations at the end of the 0.87 m coaxial cables. The voltages were measured with a four-channel digital oscilloscope (WaveRunner 6050, LeCroy, Chestnut Ridge, NY). The crosstalk measurements were made at several frequencies, including the center frequency of the transducer. The crosstalk was expressed in decibels as the ratio of the voltage on the receive annulus to the voltage on the transmit annulus. The transducer was not submerged in water for this measurement.
Lateral Beamwidth:
The pulse/echo lateral beamwidth of each annulus was measured by scanning the transducer across a 25-µm wire target positioned at the geometric focus of the transducer. The scanning was performed with an automated XYZ motion system under LabVIEW control. The transducer was excited with a pulser/receiver (Panametrics 5900) and V pp was recorded at 10-µm increments over a span of 0.8 mm. This method of measuring the lateral beam width approximates the case of a point scatterer and is valid as long as the wire diameter is smaller than the wavelength of sound [27] .
III. Results
The results shown here are for a five-ring annular array with equal area elements and 100 µm kerf spacing between rings. The total transducer aperture was 6 mm and the radius of curvature was 12 mm. The OD of the epoxy plug was 12.8 mm. The inner and outer radii of the annuli when projected onto a plane were 0, 1.22, 1.32, 1.8, 1.9, 2.26, 2.36, 2.65, 2.75, and 3.0 mm (Fig. 1) . The experimental data are compared to the results of a KLM model [28] (PiezoCAD, Sonic Concepts, Woodinville, WA) as a means to validate the performance of the transducer.
A. Unmatched Transducer
The pulse/echo time domain waveform acquired for Ring 1 (central annulus) is shown in Fig. 5(a) . The other four rings, scaled relative to each other, showed similar time-domain results with about a 50% reduction in amplitude compared to the center ring [ Fig. 5(c) ]. The frequency-domain signal for Ring 1 is shown in Fig. 5(b) . The center frequency (f c ) is 39 MHz and the −6 dB fractional BW is 61%. Both the time-domain and frequencydomain experimental results of Fig. 5 compare favorably to the predictions of the KLM model (dotted line).
A summary of the power spectra for all five array elements is shown in Fig. 6 , showing the shift toward lower sensitivities for the outer rings. The peak amplitude for Ring 1 is normalized to 0 dB. Table I summarizes the values for the peak amplitude, f c , and BW for all five annuli. Table I also shows the results for minimum IL and the frequency at which it occurred. The ILs are consistent with what was reported previously for PVDF based transducers [1] .
B. Matched Transducer
Impedance measurements were made of each annulus in order to determine the most efficient electrical matching. The unmatched impedance of each element varied only slightly in value so that a single example is sufficient to demonstrate the approach and results [ Fig. 7(a) ]. The impedances at 40 MHz for all of the rings are shown in Table II. The resistance for each element was ≈ 70 Ω, and for matching purposes the reactive component was taken to be −j200 Ω. We chose to match the transducer capacitance with an inductor in series on the PCB. For simplicity, all of the array elements used the same matching inductance. A value of 0.82 µH was calculated as the best matching at 40 MHz [ Fig. 7(b) ]. In the ideal case the reactive component for each ring would be zero at 40 MHz. However, because we used only a single matching inductance, the frequency at which the matched reactance occurs varies somewhat for each ring (Table II) . Impedance plots found from the KLM model showed reactive values similar to the experimental results but did not predict the nearly 50% drop in resistance. The discrepancy likely occurs because the PCB and the flex circuit connection to the array add a complicated transmission line that was not fully accounted for in the KLM model. With the impedance matching accomplished, we repeated the pulse/echo and IL measurements. The timedomain pulse/echo signal and the KLM model prediction for Ring 1 are shown in Fig. 8(a) scaled relative to the unmatched cases [ Fig. 5(a) ]. The corresponding frequency domain signals are shown in Fig. 8(b) , again scaled relative to the unmatched cases. The KLM model predicts a decrease in bandwidth and a downward shift in f c , but less than what was observed experimentally. This may be due partly to the pulser/receiver and partly to not fully modeling the PCB and flex circuit.
The time-domain pulse/echo for all five annuli are shown in Fig. 8(c) , scaled relative to each other. As in the unmatched case, the amplitude drops by ≈ 50% from Ring 1 to Ring 2 then remains relatively constant for the remaining rings. The spectra for all five annuli are shown in Fig. 9 . The peak amplitudes for Rings 1 to 5 increased by 12, 13, 12, 10, and 11 dB, respectively, relative to the unmatched cases. The values of the peak spectral amplitude, f c , and BW for all five annuli are summarized in Table I . Comparing these values to the unmatched case, it can be seen that the increase in pulse/echo sensitivity has been achieved at the cost of reduced bandwidth and a lower center frequency. The IL data for the matched cases are summarized in Table I . As in the unmatched case, the sensitivities of the annuli decrease somewhat for the outer rings. The matched case represents an improvement in IL of 9, 8, 9, 5, and 7 dB over the unmatched case for Rings 1 to 5, respectively. The KLM model predicts a similar improvement in IL between the matched versus unmatched cases (≈ 10 dB) but with the absolute magnitudes of the IL lower than what was experimentally observed.
Crosstalk was measured for only the matched case, and the results are summarized in Table III , which shows the crosstalk for three excitation frequencies and three different transmit annuli. The crosstalk was a minimum at the lowest frequency and increased with increasing frequency: ≈ −50 dB at 25 MHz, ≈ −42 dB at 40 MHz, ≈ −36 dB at 55 MHz. The electrical crosstalk primarily arises from fringing effects at the edges of the copper array pattern and is most severe when there are sharp corners. The curvature of the rings is likely the main area of the copper pattern at which fringing occurs rather than the parallel trace lines that lead out to the ZIF connector pads.
Lateral beamwidth was measured only for the matched case, and Fig. 10 shows the results. The values of the −6 dB beamwidths for Rings 1-5 are 230, 118, 80, 67, and 59 µm, respectively. As in the IL and spectra data, the peak amplitude decreases sharply when moving from Ring 1 to Ring 2, then the remaining rings are similar in value. Qualitatively, the decreasing beamwidth toward the outer rings may be understood in terms of the aperture. A larger aperture has a smaller beamwidth for a fixed focal length. Quantitatively, the beamwidth values agree favorably with numerical beam calculations based on the spatial impulse response method [29] using a typical pulse/echo response as the drive waveform in the model. The numerical beamwidth values for Rings 1 to 5 are 192, 104, 79, 66, and 58 µm, respectively. The numerical results vary somewhat, depending on the drive waveform, but the trend of decreasing beamwidth toward the outer rings will always hold true. Beam profiles of each annulus also were recorded with a hydrophone, and the results and trends were similar to those of the wire phantom.
IV. Discussion
The performance of the PVDF array elements in terms of IL, spectrum, and bandwidth was similar to what was reported previously for single-element PVDF transducers [1] . Electrical impedance matching led to an improvement in two-way IL, as predicted by the KLM model. One concern with this transducer design is that there are several layers (epoxy-copper-polyimide) between the PVDF and the epoxy backing plug. These layers potentially may lead to a complicated internal reflection that could deteriorate the performance of the transducer. By studying the effects of the backing film thicknesses with our KLM model, we were able to determine how the layers affected performance. The copper layer had the effect of making the PVDF a λ/4 resonator because of its high acoustic impedance (41.6 MRayls) relative to PVDF (4.2 MRayls) [1] , [30] . The epoxy (3 MRayls) and polyimide (2.3 MRayls) layers primarily lowered the IL and the BW. Internal reflections within the layers were not a problem because they were so thin and, at least for the polyimide and epoxy, their acoustic impedances were similar to that of PVDF.
The variation in sensitivities between the inner and outer rings was likely caused by two factors. First, the area of the outer rings was reduced slightly by the presence of the electrical traces (Fig. 1) . As noted earlier, the array elements were designed to have equal areas for unbroken rings. However, the break in the rings only reduced the area by ≈ 3% and does not explain the 6 dB drop in sensitivity observed in Table I .
Second, during the press fit, the ball bearing may not apply a uniform force across the whole surface area of the transducer. This problem may manifest itself in a slight defocusing of the transducer toward the outer rings and also in an increased thickness of the epoxy adhesion layer between the PVDF and the polyimide film toward the outer edge of the array. The thickness increase would both decrease the capacitance (make the reactance more negative) and increase the insertion loss as observed in Table II [30] . The KLM model showed a decreased sensitivity as the epoxy layer increases but did not capture the increased capacitance because the model assumes both sides of the PVDF have a conductive layer whereas our array design has the epoxy layer between the PVDF and one of its conductive layers.
We attempted to address the potential nonuniform epoxy layer problem by increasing the inner diameter of the Teflon tube, thus increasing the distance between the active transducer area and the outer edge of the press fit. This helped to ensure that deviations in the epoxy adhesion layer thickness would not impact the active area of the transducer. The transducer tested here used this method with the larger Teflon tube and represented a considerable improvement over earlier prototypes that had a larger transducer aperture.
The electrical crosstalk was measured at a fairly low drive-voltage (1 V pp ) with the assumption that the values scale linearly with voltage. Although we did not repeat the measurement at multiple drive voltages, we did look at the electrical crosstalk when the annular array was driven with a high-voltage, broadband pulse. Again we measured V pp on the drive element and V pp as seen by the other elements into a 50 Ω termination. The results were most similar to the 55 MHz case in Table III . Based on these observations, the electrical crosstalk does appear to increase with increasing voltage and is larger on transmit than on receive.
We were not able to observe any acoustic crosstalk between elements. For this measurement, the transducer was submerged in water and one element was pulsed while the signals on the remaining elements were viewed with an oscilloscope. We then looked for signals showing a small delay relative to the excitation pulse. Acoustic crosstalk primarily arises from lateral coupling during the excitation pulse and is observed as a delayed pulse between array elements. The time delay of the pulse corresponds to the element separation distance and the shear velocity of the transducer material. For PVDF, the lateral coupling coefficient is very low (k 32 = 0.03) compared to the thickness coupling coefficient (k t = 0.18), and thus the lack of acoustic cross coupling is consistent with the material properties of PVDF.
V. Conclusions
We have demonstrated that PVDF-based annular arrays can be constructed using a copper-clad, polyimide film to form the array electrode pattern. After impedance matching, the performance of the array elements was similar to what has been reported for single element PVDF transducers. The additional layers of material behind the PVDF film (epoxy-copper-polyimide) were found to not hinder the transducer performance significantly. This was due to their thinness relative to λ and the close acoustic impedance match between the PVDF, epoxy, and polyimide. Electrical crosstalk was on the order of −42 dB at 40 MHz and increased somewhat for high drive-voltages. No significant acoustic cross coupling was observed between elements.
The advantage to the annular array demonstrated here is that its geometry is ideal for increasing the depth of field. To achieve a reasonable increase in the depth of field, the F# (focal length/OD) needs to be greater than 2 [31] . A F#=2 design with a total aperture of 6 mm permits an increase in the depth of field to ≈ 6 mm versus ≈ 1 mm for a single-element transducer of the same geometry.
Our current efforts are to improve upon the present design and to develop a quasireal-time data acquisition system. With the new prototype, we plan to fully use the imaging capabilities of the annular array by acquiring data from individual transmit/receive annuli pairs, then implement digital synthetic aperture algorithms to reconstruct an image. For the testing, we will initially use a wire phantom to validate the array performance, then proceed to tissue models. Fig. 11 shows an example of data taken from the wire phantom. The phantom consists of seven 25-µm wires spaced at 1 mm by 1 mm intervals. The transducer was scanned across the wire phantom with the center wire at the geometric focus. The image consists of 150 scan lines, found by averaging at each spatial location, spaced 25 µm apart. Ring 1 was pulsed and the received signal on Ring 5 was digitized. 
